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Abstract 


In  this  investigation,  we  examined  the  effect  of  near-infrared 
intense  macular  laser  e3q)osure  on  the  non-human  primate  focal  ERG 
spectral  sensitivity  function.  Five  <^omologous  monke3rs  were  exposed 
to  two  parafoveal  Q-switched  Neodymium  (1064  nm)  laser  pulses  at 
approximately  4  millijoules  Total  Interocular  Energy  (TIE).  Exposures 
varied  in  degree  of  overlap  through  the  superior  portion  of  the  fovea. 
Focal  ERG  spectral  sensitivity  was  measured  in  the  foveal  region  using 
a  S3aichronous  detection  technique.  Alteration  in  the  long  wavelength 
region  of  the  focal  ERG  spectral  sensitivity  function  was  observed  in  aU 
animals.  This  alteration  could  indicate  a  dominant  presence  of  the  long 
wavelength  primate  cone  system.  The  dominance  may  be  the  result  of 
neural  disinhibitoiy  effects  of  damaged  photoreceptors  and  the 
complications  of  retinal  fibrosis  on  normal  receptor  activity  and 
orientation  as  well  as  normal  retinal  receptor  reparative  functions. 
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Alterations  in  morphology  and  ERG  spectral  sensitivity  after 
near  IR  (1064  nm)  multiple  parafoveal  Q*switched  laser  exposure 
-  H.  Zwick,  S3.  Reynolds,  D.J.  Lund,  S.T.  Schuschereba,  BJB. 
Stuck,  M.  Belkin,  and  M.S.  Silverman 


Introduction 

Photic  damage  from  intense  li^t  exposure  initiates  a  complex 
reorganization  of  retinal  processing  and  possible  restoration  of  visual 
function  (1,2).  If  a  group  of  photoreceptors  are  damaged  within  or 
peripheral  to  the  fovea,  output  will  be  diminished.  Decreased  output 
will  reduce  the  neural  lateral  inhibition  that  such  receptors  normally 
exert  on  adjacent  receptor  systems.  Harwerth  and  Sperling  (3)  showed 
that  intense  repetitive  exposure  to  520  nm  li^t  decreased  the  mid¬ 
wavelength  cone  input  to  the  increment  spectral  sensitivity  function  of 
the  rhesus  monkey,  resulting  in  a  spectral  sensitivity  function 
satisfactorily  fitted  by  the  long  wavelength  and  short  wavelength  cone 
systems.  Zwick  and  Beatrice  (4)  showed  a  similar  but  more  permanent 
effect  using  coherent  514  nm  li^t.  These  effects  were  not  weak  effects, 
as  they  lasted  longer  than  a  year  and  progressed  in  the  absence  of 
continued  stimulation  (5). 

Although  the  initial  investigations  of  such  effects  lay  in  the  photic 
non-thermal  damage  mechanism  domain,  recent  investigations  indicate 
that  thermal  and  mechanical  mechanisms  of  retinal  damage  may  induce 
similar  effects  on  visual  function  via  replacement  mechanisms  of 
damaged  or  missing  photoreceptors.  Punctate  damage  from  minimal 
spot  foveal  laser  exposure  alters  the  slope  of  the  rhesus  contrast 
sensitivity  function,  making  it  sli^tly  more  sensitive  at  lower  spatial 
frequencies  (2).  This  alteration  in  slope  may  result  from  reduction  in 
foveal  receptor  control  of  parafoveal  receptor  output  as  well  as  passive 
receptor  movement  of  adjacent  normed  receptor  systems.  Such 
movement  processes  can  allow  restoration  of  the  foveal  receptor  matrix 
(5),  critical  in  maintaining  foveal  acuity.  However,  such  passive 
movement  receptor  processes  may  indeed  modulate  neural  lateral 
influence  by  changing  the  spatisd  relationships  among  foveal  and 
parafoveal  receptors. 

The  above  investigations  involved  changes  induced  on  foveal 
receptor  mechanisms  by  partial  removal  of  foveal  receptor  83r8tems. 
Recent  human  laser  accident  cases  have  involved  parafoveal  damage 
with  significant  effects  on  foveal  function  (6).  In  one  case,  parafoveal 
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laser  ii\juiy  produced  a  central  scotoma  that  lasted  several  weeks  before 
resolving  to  a  smaller  paracentral  scotoma  consistent  with  the 
parafoveal  retinal  site  of  ii\}ury.  In  a  second  case,  severe  retinal 
scarring  followed  multiple  parafoveal  iiyury  and  produced  a  central 
absolute  arcuate  scotoma  that  decreased  in  size  by  about  half  during  the 
first  month  post-exposure  and  showed  no  subsequent  change.  In  this 
latter  case,  no  recoveiy  in  acuity  or  contrast  sensitivity  loss  was 
observed  during  a  sixteen-month  period,  as  opposed  to  the  former  case 
in  which  scarring  was  minimal  and  acuity  returned  to  near-normal 
levels  following  a  3  to  5  month  observation  period. 

In  the  present  investigation,  we  assessed  the  role  of  acute  laser 
exposure  to  induce  macular  retinal  fibrosis  and  alteration  in  neural 
retinal  activity  and  determined  how  such  retinal  change  is  relayed 
through  the  visual  nervous  system  (7).  Our  assessment  employs 
electroretinography,  retinal  histology,  and  measurement  of  brain  enzyme 
change  associated  with  laser-induced  retinal  scar  pathology. 

Methods 

Five  cynomologous  monke3^  were  used  in  this  experiment.  Laser 
exposure  consisted  of  two  Neodymium  (1064  nm)  Q-switched  (20 
nanoseconds)  pulses  delivered  successively  within  several  seconds  of 
each  other  on  either  side  of  the  fovea  with  variation  in  exposure  overlap. 
Hie  laser  beam  produced  a  minimal  retinal  spot  size  of  50  microns.  All 
laser  exposures  were  done  imder  fiinduscopic  control  in  anesthetized 
animals.  Pulses  ranged  from  3  to  6  miimoules  TIE  (Total  Interocular 
Energy)  and  produced  immediate  vitreal  hemorrhage  (bleeding  into  the 
vitreous  from  the  exposure  site;  such  bleeding  resolved  in  24  to  48  hours 
and  was  a  significant  factor  in  production  of  retinal  fibrosis).  Foveal 
overlap  of  these  parafoveal  exposures  ranged  from  about  5  to  50  percent 
of  the  fovea.  Ophthalmoscopy  and  retinal  photography  were  made  at 
various  intervals  after  exposure  throu^  15  months  post-exposure. 

Foveal  ERG  spectral  sensitivity  was  measured  using  a 
synchronous  detection  technique  (8,9).  A  fundus  camera  was  employed 
to  view  the  retina  and  to  direct  the  test  beam  onto  the  fovea.  ERG 
measurements  were  always  made  in  the  same  foveal  region  pre-  and 
post-  exposure.  An  automated  goniometer  was  used  to  position  the  test 
spot  on  the  anesthetized  animal’s  macula.  The  test  spot  was  3  degrees. 
(To  minimize  scatter  from  complex  retinal  scar  formation  and  to 
minimize  additional  adaptive  effects  on  the  expression  of  macula  retinal 
reparative  processes,  a  background  channel  was  not  employed.)  Test 
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light  intensity  was  varied  by  two  opposing  circular  optical  density 
wedges  with  a  dynamic  range  of  about  four  log  units.  Interference 
filters  from  400  to  700  nm  with  half-band  width  maxima  of  10  nm  were 
used  to  vary  wavelength.  An  equal  energy  spectrum  was  produced  by 
bringing  energy  output  at  all  filters  to  the  same  level  as  that  produced 
at  the  600  nm  filter.  Ihe  test  li^t  was  continuously  flickered  by 
placing  a  50%  duty  <ycle  variable  rate  li^t  chopper  at  a  focal  point  in 
the  test  beam  li^t  channel.  A  Stanford  Research  Systems  dual  phase 
lock-in  amplifier  was  used  to  process  the  repetitive  ERG  via  a  Burian 
AUen  bipolar  contact  lens  electrode  with  input  referenced  to  the  test 
li^t  frequency. 

A  servo  loop  maintained  a  constant  voltage  criterion  of  0.5  uv  rms 
by  controlling  the  direction  of  a  wedge  motor;  i.e.,  when  the  repetitive 
ERG  signal  dropped  below  the  criterion  voltage,  the  wedge  density 
decreased;  when  the  signal  exceeded  this  criterion  voltage,  wedge 
density  increased.  In  this  manner,  threshold  voltage  levels  were 
obtained  across  the  visible  spectrum.  Approximately  2  minutes  of  stable 
data  were  measured  at  each  wavelength.  Variability  during  this  time 
never  exceeded  +/-  0.2  log  units.  The  reciprocal  of  these  measurements 
are  plotted  as  log  relative  sensitivity  for  various  wavelength  points. 
Spectral  sensitivity  measurements  were  made  at  each  wavelength  and 
normalized  for  an  equal  energy  spectrum.  At  least  two  successive  base¬ 
line  spectral  sensitivity  measurements  within  the  above  variability 
range  were  required  prior  to  laser  exposure. 

Retinal  and  brain  histopathology  were  performed  on  one  animal 
(Cyno38)  in  which  corresponding  pre-  and  post-exposure  ERG  spectral 
sensitivity  measures  were  obtained.  Thin  section  light  microscopy  of  the 
retina  (10)  was  performed  on  one  animal  (()yno38).  In  these  animals, 
cortical  brain  tissue  was  sectioned  and  examined  for  cytochrome  oxidase 
activity  (11,12). 

Results 

Figures  1  and  2  show  post-exposure  retinal  scar  formation 
produced  by  parafoveal  vitreal  hemorrhagic  exposures  for  two  animals. 
Ihese  two  animflls  represent  extremes  of  parafoveal  lesion  overlap  onto 
the  fovea.  In  cyno24,  (Figure  1)  the  retinal  scar  is  more  compact  with 
more  significant  scar  formation  between  exposure  sites.  Evidence  of 
retinal  scar  tissue  extending  outside  the  lesion  seemed  more  noticeable 
in  animals  having  a  greater  degree  of  lesion  overlap.  In  cyno36,  (Figure 
2)  parafoveal  exposure  sites  minimally  overlapped.  Bridging  scar  tissue 
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between  these  parafoveal  sites  formed  adjacent  to  and  above  the  foveal 
region  within  tbe  ftrst  week  post-exposure. 


Figure  1.  Post  exposure  iiindus  photograph  of  Qmo24  showing  example 
of  parafoveal  lesion  overlap.  In  this  animal  exposures  overlapped  about 
50  percent  of  the  fovea. 
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Figure  2.  Post  exposure  fundus  photograph  of  cyno36  showing  example 
of  minimal  parafoveal  lesion  overlap.  Hie  bridging  of  the  two  lesions  in 
this  animal  is  apparent.  Exp>osure  overlap  was  minimal;  i.e.,  about  5 
percent. 
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Figure  3  shows  the  effect  of  varying  the  flicker  frequen<7  on  the 
ERG  spectral  sensitivity  function  obtained  with  a  0.5  uv  rms  criterion 
response.  The  12  Hz  curve  shows  a  greater  overall  sensitivity  relative 
to  the  25  and  40  Hz  functions.  Tliis  function  is  at  least  a  log  unit 
greater  in  sensitivity  than  either  the  25  or  40  Hz  functions  and  peaks 
between  500  and  520  nm.  The  25  Hz  spectral  sensitivity  function 
typically  peaks  at  600  nm  or  has  a  broader  shoulder  in  the  longer 
waveleng^  region  (  >580  nm)  relative  to  the  40  Hz  function;  also,  it  is 
about  0.2  of  a  log  unit  more  sensitive  across  the  visible  spectrum  than 
the  40  Hz  function.  The  longer  wavelength  peak  of  the  25  Hz  (600  nm) 
versus  that  of  the  40  Hz  spectral  sensitivity  function  (560  nm)  may 
reflect  stronger  interactions  between  parafoveal  and  long  wavelength 
cone  receptor  processes  than  are  present  at  the  more  photopic  40  Hz 
function.  These  spectral  sensitivity  characteristics  were  measurable  at 
least  3  degrees  eccentric  to  the  fovea  with  corresponding  decreases  in  40 
Hz  spectral  sensitivity  in  contrast  to  slight  increases  in  sensitivity  at  12 
Hz.  (Although  we  do  not  have  systematic  data  on  sensitivity  changes, 
local  ERG  spectral  sensitivity  changes  could  be  obtained  under  these 
recording  conditions.) 
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Foveal  Pre  Exp  Spectral  Sensitivity 

At  Three  Temporal  Frequencies(Cyno79) 
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Figure  3.  ERG  focal  spectral  sensitivity  functions  measured  at  the 
fovea  for  three  flicker  frequencies  at  12, 25,  and  40  Hz  is  shown  for  one 
non-irradiated  animal.  Spectral  sensitivity  measured  at  12  Hz  shows 
maximum  overall  sensitivity  and  a  peak  at  about  500  to  520  nm.  At  25 
Hz,  maximum  focal  spectral  sensitivity  is  about  580  nm;  at  40  Hz, 
maximum  spectral  sensitivity  shifts  to  560  nm. 


Log  Relative  Semhlvlty  Log  Relative 
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Figures  4  through  10  present  the  pre-  and  post-exposure  effects 
of  parafoveal  laser  exposure  for  each  of  five  irradiated  animals.  In 
Figure  4A,  recoveiy  for  CynolV  is  shown  from  the  initial  hours  of  post¬ 
exposure  through  1  year  post-exposure.  The  initial  loss  as  compared  to 
the  unexposed  eye  is  maximum  beyond  600  nm  with  a  peak  shift  in 
maximum  sensitivity  toward  the  mid-wavelength  cone  region.  In  Figure 
4B,  the  Smith  and  Porkorny  (13)  long  wavelength  cone  fundamental  (L 
Cone)  was  fitted  to  the  post-exposure  maxima  of  the  2  hour  and  15  day 
functions.  The  long  wavelength  fundamental  makes  a  good  fit  with 
these  post-exposure  functions  because  of  the  decrease  in  spectral 


Cyno17  Long  Wavelength  Fundamental _ _ _ 
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Figure  4.  Figure  4A  shows  recoveiy  for  Cynol7  from  ERG  spectral 
sensitivity  measurements  made  2  hours  post-exposure  to  comparable 
measurements  made  more  than  1  year  post-exposure.  Figure  4B  shows 
the  fit  of  the  Smith  and  Pokomy  long  wavelength  cone  fundamental 
normalized  at  560  nm  with  the  2  hour  and  15  day  post-exposure  ERG 
spectral  sensitivity  functions. 
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A  similar  trend  is  apparent  in  Figure  5  for  Cyno24.  MaviTnnm 
post-exposure  sensitivity  loss  occurs  in  the  long  wavelength  region  with 
a  maximum  spectral  sensitivity  from  560  to  660  nm  (Figure  5A).  The 
long  wavelen^  fundamental  (Figure  5B)  makes  a  good  fit  with  the 
post-exposure  data  at  9  and  21  days,  althou^  this  fit  is  weaker  below 
than  above  560  nm. 


Cyno24  pre  and  post  1064  nm  exposures 


Cyno24  Long  Wavelength  Cone  Fundamental 

Comparison 


Figure  5.  Figure  5A  shows  recovery  for  (?yno24  from  9  days  to  30  days 
post-exposure.  Figure  5B  shows  the  fit  of  the  Smith  and  Pokomy  Long 
wavelength  cone  fundamental  normalized  at  560  nm  with  post-exposure 
ERG  s(>ectral  sensitivity  measurements  made  at  9  and  30  days  post¬ 
exposure.  The  fit  of  these  functions  is  better  above  than  below  560  nm. 
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In  Cyno33  (Figure  6A),  exposure  resulted  in  shifting  the  peak 
spectral  sensitivity  from  580  to  520  nm  with  a  secondary  peak  or 
plateau  throu^  540  to  560  nm.  The  long  wavelength  fundamental  fits 
best  beyond  560  nm  (Figure  6B)  with  a  weaker  fit  below  560  nm,  similar 


to  (I^o24. 


Cyno33  pre  and  post  1064  nm  exposures 
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Cyno33  Long  Wavelength  Cone  Fit 

Post-Exposure 
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Figure  6.  Figure  6A  shows  recovery  for  Cyno33  from  1  hour  to  30  days 
post-exposure.  Figure  6B  shows  the  fit  of  the  Smith  and  Pokomy  long 
wavelength  cone  fundamental  normalized  at  560  nm  with  the  post  1 
hour  and  30  day  functions.  This  fit  is  also  better  above  than  below  560 


nm. 
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In  (^01036  (Figure  7)  measurements  of  spectral  sensitivity  showed 
the  smallest  absolute  loss  in  sensitivity  but  a  definite  shift  in  peak 
spectral  sensitivity  from  580  to  560  nm.  The  post-exposure  function  is 
best  fitted  above  560  nm  with  the  long  wavelength  fundamental  and 
below  560  nm  ly  the  mid-wavelength  cone  fundamental  of  Smith  and 
Pokomy  (13). 
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Figure  7.  Figure  7  shows  recovery  for  CJyno36  at  22  and  46  days  post¬ 
exposure.  The  long  wavelength  cone  fundamental  is  normalized  with 
both  post-exposure  functions  at  560  nm  and  the  mid-wavelength  cone 
fundamental  is  normalized  with  both  functions  at  540  nm. 


12  ”  Zwick  et  al. 


The  ERG  spectral  sensitivity  measured  at  the  fovea  and  at  the 
edge  of  the  scar  for  Cyno24  is  presented  in  Figure  8.  Although  recovery 
exceeds  pre-exposure  levels  for  the  fovea,  it  is  considerably  reduced  for 
the  parafoveal  measurement  at  the  edge  of  the  scar.  Al&ough  foveal 
and  scar  spectral  sensitivity  measurements  were  possible  at  25  Hz,  no 
spectral  sensitivity  measurements  were  possible  at  12  Hz,  either  in  the 
fovea  or  on  the  edge  of  the  scar.  The  inability  to  make  such 
measurements  suggests  severe  reduction  in  rod  and  other  parafoveal 
receptor  activity  throughout  the  macular  region. 


Comparison  of  fovea  and  scar  edge  post 

at  25  Hz  (Post  15  months) 


Pre  Exposure  Fovea  (post  15m)  Scar(post  15m) 


Figure  8.  Figure  8  shows  the  ERG  spectral  sensitivity  measured  at  the 
fovea  and  at  the  edge  of  the  scar  for  Cyno24  measured  at  25  Hz  flicker 
frequency. 
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Spectral  sensitivity  function  measurements  in  C3mo38  show 
greater  deficits  at  5  wee^  post-exposure  for  40  versus  25  Hz  (Figure 
9A).  On  the  other  hand,  the  fit  of  the  long  wavelength  cone 
fundamental  for  both  the  25  and  40  Hz  post-exposure  functions  is 
slightly  better  than  that  for  the  pre-exposure  normalized  functions 
(Figure  9b). 


Wavalangth  (nm) 


Spectral  Sensitivity  Function  Fits  ptmohz  -«»-  poi*4ohz  Pn2snz 

with  L  Cone  Fundamental  po«25hz  —  s&p  l  con» 


W«vtongth  (nm) 


Figure  9.  Figure  9A  shows  the  post-exposure  ERG  spectral  sensitivity 
functions  at  25  and  40  Hz  for  (I!jmo38.  Depression  at  40  Hz  at  5  weeks 
post-exposure  is  greater  for  the  40  vs  the  25  Hz  function. 

Figure  9B  shows  a  good  fit  with  the  long  wavelength  cone  fundamental 
of  the  post-exposure  functions  relative  to  pre-exposure  functions. 
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Light  microscopy  from  this  animal  (Cyno38)  is  shown  in  Figure 
10a  and  10b.  Laser  exposures  were  overlapped  the  most  in  this  animal. 
Post-exposure  scar  formation  occurred  both  within  and  peripheral  to  the 
overlapping  macular  exposure  sites.  Figure  10a  is  a  h^t  micrograph 
of  a  retinal  section  through  the  lesion  at  about  3  months  post-exposure. 
An  arrow  designates  an  area  of  this  section  showing  scar  formation 
within  the  retina.  Figure  10b  is  lOx  hi^er  magnification  showing 
flbroblast-Iike  cells  (F)  and  glial-like  cells  (G)  present  in  the  retined  scar. 
The  foveal  pit  has  been  severely  damaged  in  this  retina  due  to 
overlapping  exposures  and  a  retinal  hole  that  formed  very  close  to  the 
fovea.  The  production  of  such  holes  results  from  either  direct 
hemorrhagic  exposure  levels  or  are  formed  subsequently  by  retinal  non¬ 
elastic  collagen  fiber  traction  mechanisms  associated  with  retinal  scar. 
Tliis  observation  may  underlie  the  greater  post-exposure  ERG  spectral 
sensitivity  deficit  observed  at  40  Hz  as  compared  with  spectral 
sensitivity  measured  at  25  Hz. 

Photoreceptor  survival  increases  with  distance  from  the  foveal 
region,  and  is  better  in  the  superior  to  inferior  direction  than  it  is  from 
the  nasal  to  temporal  direction  away  from  the  fovea.  Peripheral  to  the 
macula,  a  slight,  selective  loss  of  rod  photoreceptors  may  have  occurred 
in  this  retina. 
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Figure  11  shows  <ytochrome  oxidase  activity  in  the  right  visual 
cortex  (occipital  operculum)  for  Cyno38.  Ocular  dominance  patterns  are 
seen  as  alternating  dark  and  li^t  strips  (smaU  cm'owheads)  toward  the 
foveal  representation  (marked  by  an  X)  in  the  primary  visual  cortex, 
llie  presence  of  ocular  dominance  bands,  seen  most  clearly  in  the  darkly 
staining  layer  4,  presumably  reflects  unequal  activation  of  eye  inputs 
into  the  visual  cortex,  llie  dark  bands  represent  the  non-exposed  areas 
of  the  follow  eye  while  the  lighter  bands  represent  the  areas  from  the 
exposed  eye.  These  alternating  bands  extend  left  from  the  foveal 
representation  to  an  area  where  banding  is  no  longer  visible,  reflecting 
normal  retinotopic  input  to  this  cortical  area. 

The  affected  area  extends  about  5  or  6  degrees  (about  15  mm) 
from  the  fovea  and  represents  a  cortical  magnification  factor  for 
morphological  damage  of  the  retina  on  the  primary  visual  cortex  of 
about  7.5,  assuming  suppression  of  retinal  macula  input  over  an  area  of 
approximately  2  mm.  This  factor  may  vary  in  other  animals  in  which 
foveal  damage  is  less  severe  due  to  lesser  degree  of  overlapping 
parafoveal  exposure  as  well  as  the  absence  of  secondary  exposure  effects 
such  as  foveal  retinal  hole  formation. 
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Figure  11.  Cytochrome  oxidase  staining  pattern  in  the  right  visual 
cortex  (occipital  operculum)  about  2  months  after  macular-induced  laser 
damage.  The  foveal  representation  is  marked  by  an  X.  The  more 
peripheral  retinotopic  representation  is  represented  by  a  more 
homogeneous  darkly  staining  area,  which  represents  the  normal 
appearance  of  layer  4,  indicating  that  both  eyes  are  activating  cortex 
equally  about  5  to  6  degrees  from  the  foveal  region.  Layer  4  viewed 
perpendicular  to  the  cortical  surface  at  the  far  edge  of  the  tissue  (large 
arrow)  is  continuous  (has  no  light  and  dark  discontinuities  that  indicate 
ocular  dominance  columns)  further  showing  that  cortical  activation  from 
both  eyes  is  normal.  Anatomical  coordinates:  M  =  medial;  D  =  dorsal; 
L  =  lateral;  and  V  =  ventral.  Scale  =  5mm. 
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Discussion 

Parafoveal  retinal  damage  in  all  animals  produced  a  reduction  in 
ERG  spectral  sensitivity  and  shift  in  most  animals  in  the  peak  of  the  25 
Hz  spectral  sensitivity  toward  the  middle  visible  wavelengths.  Recovery 
required  from  several  months  to  more  than  one  year.  Complete  recovery 
required  more  than  one  year;  i.e.,  complete  return  to  the  pre-exposure 
shape  of  the  ERG  spectral  sensitivity  function.  Several  explanations  of 
these  findings  are  pertinent  to  this  discussion. 

One  possible  explanation  is  that  stray  light  onto  surroimding 
parafoveally  damaged  retinal  areas  induced  retinal  rod  activity  which 
accounted  for  the  shift  toward  the  shorter  wavelengths.  However,  direct 
measurements  of  spectral  sensitivity  made  on  the  scar  or  at  the  edge  of 
the  scar  resulted  in  either  no  measurable  activity  or  significantly 
diminished  activity.  The  earliest  shifts  in  spectral  sensitivity  measured 
at  the  fovea  reflect  neither  the  sensitivity  of  the  rod  system  nor  the 
shape  of  the  rod  spectral  sensitivity  function  (Figure  3).  In  all  post¬ 
exposure  measurements  the  best  fitting  post-exposure  function  was 
obtained  with  the  long  wavelength  cone  fundamental  alone  or  in 
combination  with  the  mid-wavelength  cone  fundamental.  Post-exposure 
measurements  of  the  12  Hz  spectral  sensitivity  were  significantly  dimin¬ 
ished  in  all  animals  or  not  measurable  at  all  in  at  least  one  animal  post- 
expiosure,  as  compared  with  robust  pre-exposure  measurements  made  at 
12  Hz  flicker  frequency  (Figure  3).  Tliese  data  argue  that  parafoveal 
rod  sensitivity  to  possible  stray  li^t  was  significantly  attenuated, 
negating  its  direct  contribution  to  foveal  ERG  spectral  sensitivity 
measurements. 

Alternatively,  damage  to  specific  macula  receptor  systems  may 
have  caused  the  alteration  in  the  shape  of  the  ERG  spectral  sensitivity 
function.  Both  long  and  mid-wavelength  cones  are  present  in  the 
parafoveal  areas  damaged  by  laser  exposure.  Because  of  variation  in 
parafoveal  damage  overlap  and  size  of  the  test  spot,  both  foveal  and 
{^rafoveal  receptor  sj^tems  were  sampled  to  some  degree.  Therefore, 
reduced  input  ftom  parafoveal  receptor  systems  might  play  a  role  in 
both  overall  sensitivity  which  was  recorded  and  in  shifts  of  spectral 
sensitivity  functions.  Furthermore,  recent  studies  suggest  that  direct 
loss  of  mid-wavelength  cones  could  have  resulted  from  frequency 
doubling  of  1064  nm  laser  light,  which  produced  intense  532  nm 
stimulation,  thereby  directly  damaging  the  mid-wavelength  cone  system 
(14). 
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The  25  Hz  function  is  usually  more  sensitive  to  the  longer 
wavelengths  or  else  fails  to  match  either  the  photopic  spectral  or  the  40 
Hz  function.  Therefore,  the  sdterations  in  shape  ol^rved  in  these 
functions  may  be  more  indicative  of  the  removal  or  attenuation  of  neural 
lateral  receptor  influence  of  parafoveal  receptors  rather  than  the 
straight-forward  reduction  in  neural  input  of  these  receptors  to  the 
receptor  "pool"  underlying  the  pre-exposure  25  Hz  spectral  sensitivity 
function.  In  previous  experiments  using  the  identical  focal  ERG  spectral 
sensitivity  technique,  foveal  rather  than  parafoveal  damage  was  induced 
by  acute  laser  exposure  (9).  Post-exposure  measurements  of  foveal  ERG 
spectral  sensitivity  revealed  an  increase  in  short  wavelength  spectral 
sensitivity  with  a  peak  appearing  at  about  500  nm,  suggesting  that 
direct  foveal  damage  may  release  parafoveal  retinal  processes.  No  such 
intrusion  was  observed  in  the  present  experiment.  Furthermore, 
evidence  for  an  increased  long  wavelength  cone  dominance  in  the  25  Hz 
ERG  spectral  sensitivity  function  was  obtained  in  both  experiments, 
suggesting  that  differential  retinal  damage  sites  used  in  these  two 
different  experiments  were  sufficiently  selective  to  partially  separate 
foveal  and  parafoveal  long  wavelength  cone  systems.  These  observations 
suggest  a  contributory  role  for  neural  disinhibitory  retinal  receptor 
effects  to  explain  the  post-exposure  spectral  sensitivity  functions 
measured  in  the  present  experiment. 

The  presence  of  retinal  fibrosis  complicates  the  explanation  of  the 
origin  of  the  post-exposure  spectral  sensitivity,  as  alteration  in  normal 
receptor  movement  and  orientation  may  be  significantly  altered  by  such 
fibrosis.  Intracellular  retinal  scar  formation  may  retard  retinal  receptor 
movement  activity  and  other  retinal  reparative  processes;  epiretinal  scar 
formation  may  result  in  retinal  traction  that  has  recently  been 
suggested  as  a  factor  in  peripheral  visual  function  loss  associated  with 
human  laser  accident  cases  (6). 

In  addition  to  such  retinal  damage  processes,  previous 
investigations  of  laser-induced  foveal  damage  have  demonstrated 
remarkable  repair  of  the  photoreceptor  matrix  and  partial  retinal 
receptor  regeneration  (2,9,15).  The  presence  of  "glial-like"  cells  in  the 
retinal  histology  of  CynoSS  suggests  the  possibility  of  active  reparative 
retinal  tissue  processes  in  the  midst  of  presumably  active  retinal 
damage  processes. 

These  retinal  damage  and  reparative  processes  may  contribute 
directly  to  the  spectral  sensitivity  function  as  well  as  modulate  the 
output  of  adjacent  and  distal  neural  lateral  photoreceptor  activity. 
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Cortical  representation  may  reflect  a  passive  projection  of  central  reti^ 
dysfunction  onto  the  striate  cortex  via  the  retinal  cortical  projection 
pathways.  Although  considerable  emphasis  has  usually  been  placed  on 
reorganization  of  retinal  elements  in  recovery,  control  of  complex 
perceptual  aftereffects,  such  as  relative  and  absolute  visual  field  losses 
reported  in  human  laser  accident  cases,  may  reside  at  the  level  of  the 
primary  visual  cortex.  Stabilization  and  d3mamic  changes  in  size  of 
visual  field  loss  are  occasionally  disassociated  with  laser  retinal 
exposure  (2)  and  may  reflect  d3mamic8  of  visual  cortical  compensatory 
mechanisms. 
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